To clarify the basis of increased left ventricular (LV) end-diastolic pressure associated with isometric exercise, LV diastolic and systolic function were examined in 25 patients during sustained handgrip. During handgrip, average systemic arterial mean pressure increased by 20 mm Hg, and LV systolic pressure rose by 31 mm Hg, though in five patients, no increase in mean arterial or LV systolic pressure occurred. LV end-diastolic pressure rose by 10 mm Hg, right ventricular systolic and end-diastolic pressures increased by 10 and 5 mm Hg, respectively (p < 0.01 for all pressures). LV end-systolic volume rose by 23%, but end-diastolic volume was unchanged. Reduction of ejection fraction by 13% and mean circumferential fiber shortening rate by 7% indicated further impairment of LV function, though ejection fraction was unchanged or augmented in 14 patients. In all patients, diastolic pressure-volume curves were displaced upward and to the right, without change in the rate constant of the exponentially fit pressure-volume or normalized pressure-volume elasticity relations, operational end-diastolic stiffness or the rate of isovolumic relaxation. Thus, upward transposition of diastolic pressure-volume relations during handgrip does not depend on changes in LV chamber elastic properties or relaxation, LV systolic function or coronary perfusion pressure, but appears, by inference, to be caused by the concomitantly increased right ventricular pressures, perhaps mediated in part by pericardial constraint in association with right ventricular distension. SUSTAINED, SUBMAXIMAL isometric handgrip exercise, the effects of which include an increase in myocardial oxygen requirements attributable to elevation of both systolic and diastolic blood pressures and heart rate, has been used extensively in patients with heart disease to evaluate left ventricular functional reserve.' In patients with coronary artery disease, isometric exercise has been used to detect latent left ventricular dysfunction manifested by inordinate elevation of ventricular end-diastolic pressure and reduction of stroke work index,2 alteration of the left ventricular function curve,3 reduction of ejection fraction' and induction or exaggeration of wall motion abnormalities. ' Modification of diastolic behavior of the left ventricle by interventions that alter hemodynamic status has evoked considerable interest." 7 Downward displacement of the left ventricular pressure-volume relation has been observed after administration of nitro-glycerin8 and nitroprusside.9 Upward displacement has been reported in association with interventions that increase left ventricular afterload, for example, after administration of methoxamine"0 and angiotensin,"' and with myocardial ischemia.'2 Measures of left ventricular diastolic function are sensitive indexes of early functional impairment of the left ventricle,'3 and often precede changes in systolic function during acute ischemia." Because handgrip exercise leads to an inordinate elevation of left ventricular end-diastolic pressure in patients with cardiac disease, potentially due to diastolic as well as systolic ventricular dysfunction, we examined the influence of handgrip exercise on the diastolic properties of the left ventricle and on the interactive relationships between right and left ventricular mechanics in patients with and without left ventricular dysfunction in the absence of angina pectoris.
SUMMARY To clarify the basis of increased left ventricular (LV) end-diastolic pressure associated with isometric exercise, LV diastolic and systolic function were examined in 25 patients during sustained handgrip. During handgrip, average systemic arterial mean pressure increased by 20 mm Hg, and LV systolic pressure rose by 31 mm Hg, though in five patients, no increase in mean arterial or LV systolic pressure occurred. LV end-diastolic pressure rose by 10 mm Hg, right ventricular systolic and end-diastolic pressures increased by 10 and 5 mm Hg, respectively (p < 0.01 for all pressures). LV end-systolic volume rose by 23%, but end-diastolic volume was unchanged. Reduction of ejection fraction by 13% and mean circumferential fiber shortening rate by 7% indicated further impairment of LV function, though ejection fraction was unchanged or augmented in 14 patients. In all patients, diastolic pressure-volume curves were displaced upward and to the right, without change in the rate constant of the exponentially fit pressure-volume or normalized pressure-volume elasticity relations, operational end-diastolic stiffness or the rate of isovolumic relaxation. Thus, upward transposition of diastolic pressure-volume relations during handgrip does not depend on changes in LV chamber elastic properties or relaxation, LV systolic function or coronary perfusion pressure, but appears, by inference, to be caused by the concomitantly increased right ventricular pressures, perhaps mediated in part by pericardial constraint in association with right ventricular distension. SUSTAINED, SUBMAXIMAL isometric handgrip exercise, the effects of which include an increase in myocardial oxygen requirements attributable to elevation of both systolic and diastolic blood pressures and heart rate, has been used extensively in patients with heart disease to evaluate left ventricular functional reserve.' In patients with coronary artery disease, isometric exercise has been used to detect latent left ventricular dysfunction manifested by inordinate elevation of ventricular end-diastolic pressure and reduction of stroke work index,2 alteration of the left ventricular function curve,3 reduction of ejection fraction' and induction or exaggeration of wall motion abnormalities. ' Modification of diastolic behavior of the left ventricle by interventions that alter hemodynamic status has evoked considerable interest." 7 Downward displacement of the left ventricular pressure-volume relation has been observed after administration of nitro-glycerin8 and nitroprusside.9 Upward displacement has been reported in association with interventions that increase left ventricular afterload, for example, after administration of methoxamine"0 and angiotensin,"' and with myocardial ischemia. '2 Measures of left ventricular diastolic function are sensitive indexes of early functional impairment of the left ventricle,'3 and often precede changes in systolic function during acute ischemia." Because handgrip exercise leads to an inordinate elevation of left ventricular end-diastolic pressure in patients with cardiac disease, potentially due to diastolic as well as systolic ventricular dysfunction, we examined the influence of handgrip exercise on the diastolic properties of the left ventricle and on the interactive relationships between right and left ventricular mechanics in patients with and without left ventricular dysfunction in the absence of angina pectoris.
Methods

Patient Selection
Twenty-five patients (23 males and two females) with a mean age of 51.3 years (range 34-69 years) were selected from the population scheduled for diagnostic cardiac catheterization because of clinically suspected coronary artery disease. Six male patients, mean age 51.8 years, who were undergoing clinically indicated diagnostic cardiac catheterization served as controls, and were studied by serial ventriculograms but did not perform handgrip exercise. Other selection criteria included the willingness of the patient to provide informed consent, concurrence by his or her personal physician regarding participation in the protocol, and demonstrated ability to perform submaximal handgrip exercise for the designated time. Patients who had moderate or severe hypertension (cuff blood pressure greater than 160/100 mm Hg) or peripheral vascular disease involving the legs, were excluded. No patient was studied within 3 months of myocardial infarction.' All patients were in normal sinus rhythm at the time of study. No complications attributable to the procedure were encountered.
Catheterization Procedure
Right-and left-heart catheterization was performed via the percutaneous femoral approach, facilitating performance of handgrip exercise. Procedures were 357 performed with the patient in the fasting state, after premedication with 50-100 mg of hydroxyzine hydrochloride intramuscularly. All cardioactive medications except sublingual nitroglycerin were withheld for at least 18 hours before the procedure.
Rightand left-heart hemodynamics and cardiac output (indicator dilution technique) were measured in all subjects at rest. A #5-7F micromanometer catheter (Millar Instruments, Inc.) was then introduced into the left ventricle percutaneously via the left femoral artery by means of an introducer equipped with a secondary port facilitating measurement of femoral arterial pressure. Left ventriculography was performed in the right anterior oblique projection in the basal state, and again during handgrip exercise, or was repeated without further intervention in control patients. The ventriculographic contrast injection was performed via a #7 or #8F pigtail catheter introduced into the right femoral artery by the Seldinger technique. After the intervention ventriculogram, the experimental protocol was concluded. An additional ventriculogram was then performed in the left anterior oblique projection to discern the presence and extent of asynergy, and selective coronary arteriography was performed using preshaped #8F catheters.
Because of the limitations of single-plane (right anterior oblique) ventriculography in patients with coronary artery disease and left ventricular wall motion abnormalities, data from five other patients with extensive asynergy involving more than one left ventricular wall segment were excluded from the present analysis. Patients with asynergy limited to a single segment of the ventricular wall were included, because potentially erroneous estimation of left ventricular geometry and dimensions that may result from use of the single-plane technique predominantly influences systolic functionthere is little evidence that analysis of diastolic events is affected. Accordingly, we concur with others8 9, 11 that single-plane ventriculography provides adequate estimation of dynamic ventricular diastolic dimensions in this group of patients.
Experimental Technique and Protocol
The technique for acquiring high-fidelity left ventricular pressures and volumes has been described.'5 Left ventricular pressure and volume should be measured simultaneously, in view of the small but statistically significant elevation of left ventricular pressure8 in the presence of unaltered ventricular volume'6 during the contrast injection. A separate angiographic catheter in addition to the micromanometer is necessary because of spurious alteration of ventricular pressures as registered by the micromanometer during the contrast injection when a combination angiographic-transducer tip catheter (Millar Instruments, Inc.) is used.8' 15 High-fidelity micromanometer catheters are necessary to avoid resonance artifacts during diastole when conventional fluid-filled catheter systems are used, and to provide adequate frequency response for accurate measurement of dP/dt.'7 After initial equilibration with the pressure recorded by the fluid-filled catheter, the micromanometer was calibrated electronically; equilibration and calibration were subsequently checked immediately before each ventriculogram to preclude time-dependent drift. The high-fidelity left ventricular pressure signal was differentiated directly (Accudata 132; Honeywell, Inc.) to provide instantaneous dP/dt. Right ventricular pressure was measured throughout the protocol with a #7F Swan-Ganz catheter. Left ventricular systolic and femoral artery pressures (scale 20 mm Hg/cm), left ventricular diastolic and right ventricular pressures (scale 5 mm Hg/cm), dP/dt, cine frame pulse, radiographic injector pulse and ECG were recorded at a paper speed of 200 mm/sec ( fig. 1 ).
After measurement of initial rightand left-heart hemodynamics, and equilibration and calibration of the micromanometer system, the U-arm radiographic system (Siemens Cardoskop) was carefully positioned in the 450 right anterior oblique projection. Right ventricular, femoral artery and high-fidelity left ventricular pressures were then recorded during held submaximal inspiration without injection of contrast to determine the hemodynamic effects of the contrast injection. Left ventriculography was then performed under identical respiratory conditions using an ECGtriggered injector (Medrad Mark 4) injecting [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] ml of sodium and meglumine diatrizoate (Hypaque 76) over a 3-second interval.
After a pause of 20 minutes for dissipation of the effects of the contrast material,'8 baseline hemodynamics and heart rate were restored in all patients. The second ventriculogram was performed under respiratory conditions identical to the first, after the third minute of smoothly sustained isometric handgrip exercise at 20% of the subject's previously determined maximal voluntary contraction, using a calibrated dynamometer (Jamar; Asimow Eng. Co.). '9 Care was taken to avoid inadvertent performance of the Valsalva maneuver, especially during isometric exercise. Before catheterization and after careful instruction, each patient practiced handgrip exercise and normal ventilation. In addition to continuous monitoring and evaluation of rightand left-heart pressures and fluoroscopic observation of the diaphragm during isometric exercise, intracardiac pressures were recorded during held submaximal inspiration immediately before each ventriculogram ("smock run"), simulating the hemodynamic and respiratory circumstances during angiography, to ensure that the Valsalva maneuver had not been performed after inspiration. Immediately after a satisfactory mock run, patients exhaled and took a second submaximal inspiration, during which ventriculography was performed provided intracardiac pressures remained identical to those during the mock run.
Data Analysis
Left ventricular volume analysis was performed on the first adequately opacified sinus beat, excluding premature complexes and the first or second subsequent sinus beats. All analyses were performed within the first three beats of the commencement of contrast . Analog hemodynamic data recording in one representative patient before and during handgrip exercise (HG). ECG = surface electrocardiogram; cine pulse = electronic signal recorded with each cine frame exposed; injector pulse = marker indicating commencement of ECG-triggered contrast injection; dP/dt = first differential ofleft ventricular pressure (400 mm Hg/sec/cm); RFA = rightfemoral artery (20 mm Hg/cm); L V (high gain) = left ventricular pressure (5 mm Hg/cm); R V = right ventricular pressure (20 mm Hg/cm); LV (low gain) = left ventricular pressure (S mm Hg/cm). injection, during which the effects of the contrast agent upon myocardial function are hegligible. [20] [21] [22] Left ventricular volumes were derived serially from consecutive frames of the cineventriculogram using standard area-length methods23 during the interval between the occurrence of minimal diastolic and peak "a"1 wave pressures."6 Simultaneously recorded, highfidelity left ventricular diastolic pressures were measured serially at 16.7-msec intervals from the high-gain left ventricular pressure recording at intervals synchronized precisely with each ventriculographic frame and, therefore, with each ventricular volume determination.
Simultaneous left ventricular pressure-volume coordinates were analyzed by fitting (least-squares technique) to a monoexponential function of the form24-27:
where P = left ventricular pressure (mm Hg), b = data constant, e = base of the natural log, k = rate constant of the exponential function and V = left ventricular volume (ml).
Equation (1) has been frequently used in differentiated form28: 359 OL_ \.!,/ --i; VOL 62, No 2, AUGUST 1980 dP/dV = kP + b (2) We8', 15 and others29 have used the rate constant "k" of the exponential diastolic pressure-volume relation as an index of diastolic left ventricular chamber volume stiffness in individual subjects.
To provide an index of the "position" of each individual pressure-volume relation within the overall pressure-volume coordinate system, exponentially fit pressure-volume curves were extrapolated to the pressure axis at zero volume.8' 16 This extrapolated index is a mathematic expression intended solely to indicate the "position" of the pressure-volume curve within the conventional coordinate system in each patient under defined hemodynamic conditions, and has no specific physiologic analog. Because the rate constant "k" of the left ventricular diastolic pressurevolume relation provides an index of chamber stiffness in individual patients under specific hemodynamic and geometric circumstances, pressure-volume relations were normalized with respect to the instantaneous left ventricular volume at each pressure-volume coordinate.30 This relationship may be expressed (in differentiated form): dP/dV/V = knorm P + c (3) where P = left ventricular pressure (mm Hg), V = volume (ml), knorm = rate constant of the exponentially fit function, c = data constant and dP/dV/V = volume elasticity.30 31 In view of the normalization for left ventricular volume, knorm (the rate constant of the ventricular diastolic pressure-volume elasticity relationship) provides more appropriate comparisons of ventricular chamber stiffness both among patients with variable chamber dimensions, and in individual patients in whom alterations of chamber dimensions may be induced by an intervention such as isometric handgrip exercise. In view of the striking increase in late diastolic pressures in response to isometric exercise, diastolic pressure-volume relations were also analyzed at enddiastole, in terms of (1) the operational end-diastolic chamber stiffness (dP/dV at end-diastole), which represents effective diastolic stiffness at the specific volume at which the individual left ventricle was operating at the time of each ventriculogram;32 and (2) the asymptotic slope of the log pressure-log volume relationship at end-diastole, expressed as (V/P) (dP/dV).33 At ventricular pressures greater than 10 mm Hg, this quantity has been considered relatively insensitive to both ventricular geometry and pressure,34 but related to and predominantly sensitive to changes in muscle stiffness of the ventricular wall.31 Left ventricular early diastolic relaxation was analyzed in terms of peak negative dP/dt35' 3B and according to the technique of Weiss et al.37 as "T," an index of the time course of early diastolic relaxation. Left ventricular pressure was analyzed at 5-msec intervals during isovolumic relaxation subsequent to the occurrence of peak negative dP/dt and T was derived from the rate constant of the exponential fit to the pressure decline during this period. 37 38 T has been shown to be independent of aortic peak systolic pressure and end-systolic volume and fiber length, minimally dependent upon heart rate37 and independent of systolic myocardial shortening within the physiologic range of cardiac output.
To ascertain the relationship between changes in right and left ventricular hemodynamics during handgrip exercise, the correlations between the extent of change in right ventricular and left ventricular beginning diastolic pressures, and between the changes in right ventricular end-diastolic pressure and the extrapolated pressure intercept of the left ventricular pressure-volume function, were examined by linear regression analysis.
Because coronary venous pressure is low, mean arterial pressure approximates the pressure drop across the coronary bed;39 mean arterial pressure was thus used as an estimate of mean coronary perfusion pressure.
Statistical comparisons between data obtained in the resting state and during handgrip exercise were performed using the paired t test. We compared data between the groups of patients with abnormal and normal left ventricular function using the t test for difference between group means.
Results
Patient Characteristics
Significant coronary artery obstruction was documented in 15 patients; no hemodynamically significant coronary disease was present in the other 10 patients, including both females. Significant coronary artery disease was also found in the six control patients who did not perform handgrip exercise. Asynergic contraction involving one segment of the left ventricular wall was shown in 11 of the 15 patients with coronary artery disease. Angina, dyspnea, arrhythmia or electrocardiographic evidence of acute ischemia did not develop in any patient during handgrip exercise. (table I and Average systemic arterial systolic, diastolic and mean pressures (the latter reflecting mean coronary perfusion pressure) and left ventricular systolic, early diastolic, peak "a" wave and end-diastolic pressures all rose significantly with isometric exercise, accompanied by significant elevations of right ventricular systolic and end-diastolic pressures. In five patients, however, systemic arterial and left ventricular systolic pressures did not rise significantly during handgrip, though left ventricular diastolic and right ventricular pressures were elevated to a similar extent as in the remaining 20 patients in whom mean systemic arterial pressure rose significantly (table 2) .
Effects of Handgrip Exercise on Hemodynamics and Left Ventricular Function
Although for the entire patient group left yentricular peak positive dP/dt rose significantly, left ventricular systolic ejection performance during the ejection phase declined, as evaluated by the ejection fraction, mean velocity of circumferential fiber shortening and mean normalized systolic ejection rate (table 1) .
Two types of left ventricular functional response to isometric exercise were observedno alteration (or augmentation) and depression. However, patients could not be assigned to one or the other of these categories on the basis of initial characteristics, including the presence or absence of coronary artery disease or left ventricular segmental asynergy, elevated left ventricular end-diastolic pressure or volume, or the status of left ventricular isovolumic or ejection systolic function. Significant coronary artery disease was documented in eight of 14 patients in whom left ventricular function was unchanged or improved during handgrip exercise (table 3) , as indicated by a decline in left ventricular end-diastolic volume index and a statistically unchanged ejection fraction and mean circumferential fiber shortening rate, and no cardiovascular abnormality was found in the other six patients. Conversely, of 11 patients in whom left ventricular function during exercise deteriorated, as indicated by elevated end-diastolic volume index and diminished ejection fraction (table 4), significant cor-ventricular; HG = handgrip exercise; P-V relation = onary artery disease was present in seven and no cardiovascular abnormality was detected in four. Initial left ventricular systolic and diastolic pressure and volume, systolic contractile performance, and diastolic function were not significantly different between the groups of patients exhibiting these contrasting responses in left ventricular systolic function.
Although average heart rate rose (69.4 ± 2.2 to 78.3 ± 2.5 beats/min), the average number of pressure-volume coordinates available for analysis during diastole declined by only three (17.4 ± 1.2 to 14.2 ± 1.0). Thus, the change in heart rate would not be expected to affect materially the calculation of the exponential or of the extrapolated pressure intercept of the left ventricular pressure-volume relation.
Effects of Handgrip Exercise on Left Ventricular
Diastolic Function (table 5) Left ventricular pressure-volume coordinates were fit statistically to a monoexponential function with an average coefficient of determination of 0.92. Comparison between the exponentially fit diastolic pressure-volume curves before and during handgrip Abbreviations: LV = left ventricular; RV = right ventricular; HG = handgrip exercise; P-V relation diastolic pressure-volume relation. exercise in several representative patients is depicted in figure 2: substantial upward and rightward displacement of the pressure-volume relationship is evident during isometric exercise, confirmed mathematically by a significant increase in the extrapolated pressure intercept at zero volume. Analogous upward displacement of diastolic pressure-volume relations during handgrip exercise, reflected by a significant increase in the average value of the extrapolated pressure intercept at zero volume, was observed in all patients ( fig. 3 ). In the five patients in whom mean systemic arterial (and hence coronary perfusion) pressures did not rise during handgrip exercise, diastolic pressurevolume curves were similarly transposed upward and rightward, with a 47.9% increase in the value of the extrapolated pressure intercept at zero volume, compared with the 50.9% increase in the patients in whom mean arterial pressures rose significantly.
Neither the rate constant (k) of the exponential fit to the diastolic pressure-volume functions or the rate constant (knorm) of the normalized diastolic pressurevolume elasticity relations before and during handgrip exercise was significantly changed in any patient (table  5) . Similarly, when exponential fitting of diastolic pressure-volume coordinates was limited to the interval during which left ventricular volumes before and during isometric exercise overlapped, the extrapolated pressure intercept again rose significantly (5.3 ± 0.9 to 8.1 ± 1.2 mm Hg, p < 0.05), with no significant change in the rate constant of the exponential function.
Despite the pronounced elevation of peak "a" wave and left ventricular end-diastolic pressures during isometric exercise in all patients, the average left ventricular chamber stiffness at end-diastole ([V/P] [dP/dV])33 was not altered significantly (table 5).
Comparison of values at rest and during isometric exercise for the entire patient group did not indicate a significant difference in operational end-diastolic chamber stiffness at end-diastole. 32 Peak negative dP/dt increased significantly in all patients during isometric exercise. However, peak negative dP/dt is a function of peak aortic systolic pressure and fiber length,," and may not be a reliable criterion of altered relaxation properties of the ventricle under changing hemodynamic circumstances associated with isometric exercise. In contrast to peak negative dP/dt, T was unchanged during handgrip exercise. Further, despite the mild but significant elevation of heart rate during handgrip exercise, the diastolic interval between peak negative dP/dt and the commencement of the subsequent beat was never less than 3.5 T.4T he average extent of change in right and left ventricular beginning diastolic pressures correlated with a linear correlation coefficient of 0.69 (p < 0.05); a similar correlation (r = 0.64, p < 0.05) was observed between the average increase in right ventricular enddiastolic pressure and the extrapolated value of the pressure intercept of the exponential left ventricular pressure-volume relation.
In the six control patients (table 6) , arterial or rightand left-heart pressures, left ventricular systolic performance, diastolic function, or diastolic pressurevolume relations ( fig. 2D ) were not significantly different between the first and second ventriculograms.
Discussion
Although the inordinate elevation of left ventricular end-diastolic pressure is the most marked response to isometric exercise in patients with cardiac disease, its mechanism has not been confirmed. Similar abrupt transitory elevation of end-diastolic pressure attributed to increased muscle stiffness is a regular accompaniment of acute coronary artery obstruction in experimental animals, in patients with spontaneous and pharmacologically induced coronary artery spasm, or in patients with angina pectoris occurring spontaneously or in response to exercise or rapid pacing. However, the pronounced elevation of enddiastolic pressure during handgrip exercise is generally observed' in the absence of angina,'8' ventricular arrhythmial or other symptomatic evidence of acute ischemia. Further, left ventricular asynergy may be in-duced or exaggerated during isometric exercise5' 1 even though the stress is inadequate to induce electrocardiographic evidence of ischemia43 or significantly alter myocardial blood flow.44 This investigation was designed to identify the mechanisms responsible for the markedly elevated left ventricular end-diastolic pressure during isometric handgrip exercise in the absence of acute ischemia.
Although a simple monoexponential model for the diastolic pressure-volume relationship as inferred from the experimentally verified exponential nature of the myocardial length-tension curve in isolated cardiac muscle31' 45 has been used effectively by several investigators,11' 15 27 28 as well as by us,", 15 extrapolation of the exponential nature of the stressstrain relationship in isolated cardiac muscle to the pressure-volume relationship in the intact heart may not be appropriate.7' 46 Nevertheless, observations by Covell and Ross47 and others48 support the use of this model for quantitatively characterizing diastolic pressure-volume relations and ventricular chamber or volume stiffness in the intact ventricle in individual patients."1' 28. 30 To permit valid interpatient comparison of hearts of different shapes and sizes, Mirsky3l emphasized the preferability of indexes of myocardial stiffness based on stress-strain analysis, in which normalization for ventricular dimensions is implicit in the definition of strain. However, derivation of both stress and strain is based upon several assumptions,30' 31 particularly regarding ventricular geometry, some of which may not be tenable in the clinical situation, and is further complicated by the choice of natural vs Lagrangian strain and the difficulty of measuring net transmural pressure and ventricular dimension at zero stress. 31 In view of these considerations and because indexes of myocardial stiffness based on pressure-volume relations in thec anine model are similar to those using stress-strain relations in isolated muscle from the same heart,49 we analyzed ventricular diastolic properties in terms of the pressure-volume relationship to facilitate comparison between distensile properties of ventricles of different dimensions induced by isometric exercise in each patient by normalizing dP/dV to dP/dV/V (volume elasticity) at each pressure-volume coordinate. 30 Because the superimposition of velocity-dependent viscous forces may detract from the accuracy of the exponential expression of left ventricular pressurevolume relations in association with prominent "a" waves29 frequently encountered during the present study, chamber stiffness properties were also studied at end-diastole in terms of operational chamber stiffness,32 and the asymptotic slope of the ventricular log pressure-log volume relation at end-diastole ([V/P] [dP/dV]).33 34 At ventricular pressures greater than 10 mm Hg, this variable is relatively insensitive to both instantaneous pressure and initial cardiac geometry and pressure; although variability at lower levels of pressure (< 10 mm Hg) may detract from its absolute reliability, it is closely related to the elastic stiffness constant derived from the muscle stress-strain
Pressure Intercept
Pre HG tNo statistical difference in any of these variables (paired t test).
Abbreviations: LV = left ventricular; RV = right ventricular; P-V relationrelation.
relationship, and has been considered a useful indirect clinical indication of the degree of muscle stiffness.31 34 Though measurements recorded at a single point (e.g., end-diastole) are probably insufficient to describe overall ventricular or muscle stiffness,3" such descriptors were used in the present study in conjunction with indexes of early and mid-diastolic function to characterize diastolic function throughout diastole.
Despite the need for a specific index of ventricular diastolic properties and the theoretical basis of the several expressions used, it is unlikely that a single variable can adequately characterize the entire pressure-volume relationship. Rather, as emphasized by Glantz and Parmley, it is necessary to identify factors that shift the pressure-volume curve.7 Displacement of the entire pressure-volume curve has been reported in association with a variety of pharmacologic and pathophysiologic interventions contrary to the traditional concept of adherence of each ventricle to a specific pressure-volume relation. These displacements imply the existence of a family of pressure-volume curves for each ventricle, the operating position of the curve being dependent on instantaneous loading conditions and extraventricular diastolic pressure-volume restraints to distension of the ventricle.8 Several factors may contribute to the determination of left ventricular diastolic properties,7 46 including intrinsic passive elastic properties of the myocardium50 or ventricular chamber, sustained contraction or incomplete early diastolic active relaxation,5' elastic, viscous, viscoelastic and possibly inertial characteristics of the myocardium,4f and extraventricular constraints to left ventricular distension proferred by the pericardium, intrathoracic and pleural pressures,7' 11 the right ven-tricle6' 15 and coronary vascular perfusion pressures. 10"52 Although the factors responsible for the displacement of the pressure-volume relation in response to isometric exercise remain incompletely defined, several are implicated by our results. Absence of any significant alteration during isometric exercise of the rate constants of the exponentially fitted left ventricular pressure-volume (k) and pressure-volume elasticity (knorm) relationships, and of the indexes of end-diastolic stiffness examined, suggests that the upward displacement of the diastolic pressure-volume function cannot be attributed exclusively to elastic properties in response to isometric exercise. To the extent that the asymptotic slope of the ventricular log pressure-log volume relation at end-diastole reflects the degree of myocardial stiffness,3" 34 alteration of myocardial passive elastic properties also appears an unlikely cause of the displacement of the pressure-volume function. Alderman and Glantz,1" using an equation for myocardial elasticity validated in the canine model to define the ventricular pressurevolume relationship in terms of ventricular volume, wall thickness and the myocardial exponential stressstrain curve,49 showed that shifts in diastolic pressurevolume curves in patients after administration of angiotensin or nitroprusside were not attributable to changes in the passive elastic properties of the myocardium. Early diastolic relaxation is an active, energydependent process related to actomyosin dissociation53 and attributable to sequestration of calcium ions from the region of the myofibrillar proteins by the sarcoplasmic reticulum. At the cellular level, failure of calcium sequestration results in failure of complete relaxation, and contracture.`4 Accordingly, during ischemia impairing cellular metabolism, or with rapid heart rates, incomplete relaxation may occur, leading to an apparent increase in myocardial stiffness. Although the influence of altered relaxation properties upon left ventricular diastolic function in man is uncertain, the absence of any change in T during handgrip exercise in this study suggests that there is no significant alteration in the state of myocardial early diastolic relaxation in response to isometric exercise at this level of muscle tension. In addition, the duration of all diastolic cycles analyzed (in excess of 3.5 T) suggests that sustained contraction or incomplete relaxation do not contribute to the upward displacement of the entire pressure-volume function during handgrip exercise in the absence of angina.81
During atrial systole, pressure-volume coordinates have been observed to fall above the exponential function predicted from pressure-volume data recorded throughout diastole, suggesting the occurrence of velocity-dependent viscous forces, especially during more forceful atrial contractions associated with higher end-diastolic pressures.29 Moreover, the reduced ejection fraction and increased end-systolic volume in response to isometric exercise could theoretically induce upward movement on a single diastolic pressure-volume curve, at which point more pronounced viscous forces might be expected.6 Although such forces could theoretically influence pressure-volume relations with an apparent increase in late diastolic stiffness, no correlation has been detected between stress-strain or other measures of muscular and ventricular stiffness, and filling rates.", 55 Further, such influences would particularly augment late diastolic stiffness, which was not significantly altered in the present study, in which pressure-volume relations in response to isometric exercise were modified throughout diastole. It thus appears unlikely that viscous forces contributed significantly to the elevation of the pressure-volume relation in response to isometric exercise.
Alteration of left ventricular pressure-volume relations in association with changes in systemic arterial pressures have been observed by several investigators. Brodie et al.9 suggested that alterations in the extent of impingement of the aortic root on the ventricular cavity may contribute to this effect. In light of earlier observations by Salisbury et al.,52 who found an inverse relationship between coronary perfusion pressure and myocardial distensibility in the canine model, presumably on the basis of an erectile effect on the myocardium of coronary vascular engorgement associated with increased coronary perfusion pressures, Brodie and McLaurin10 proposed an increase in ventricular wall mass attributed to coronary engorgement to explain the upward displacement of the pressure-volume relation by methoxamine. Conversely, in previous studies from this laboratory,'5 diastolic pressure-volume relations were not altered by reduction of coronary perfusion pressures in the absence of changes in right ventricular pressure after administration of amyl nitrite, whereas pressure-volume relations were significantly displaced downward in association with reduction of both systemic arterial and right ventricular pressures after nitroglycerin, indicating lack of any significant effect of coronary perfusion pressure, but a direct influence of right ventricular pressure on pressure-volume relations. Using a unique sinusoidal forcing function to examine the effects of coronary perfusion and flow in canine hearts, Templeton et al.56 observed no changes in left ventricular pressure-volume relations, expressed in terms of the viscoelastic properties of the ventricle, in response to alteration of coronary perfusion pressure. In the present study, diastolic pressurevolume functions were transposed upward to a similar extent whether or not mean systemic arterial (and thus coronary perfusion) pressures rose in response to handgrip exercise. Despite the absence of elevated mean coronary perfusion pressure in these patients, however, it is possible that coronary blood flow may have increased in response to augmented myocardial oxygen demands associated with the elevation of heart rate, and the increased cardiac output known to be produced by handgrip exercise in some patients. '9 Although augmented coronary flow may induce coronary vascular engorgement in the absence of an increase in coronary perfusion pressure, due to a reduction of coronary vascular resistance, there is little direct evidence for such a phenomenon in the present study. Further, Helfant et al.2 observed no significant increase in cardiac index and a decline in stroke index in patients with coronary artery disease or left ventricular dysfunction during handgrip exercise. Because left ventricular diastolic pressure-volume curves were elevated in five patients with significant coronary artery disease in whom coronary perfusion pressure was not increased and heart rate was only minimally elevated,7 it appears unlikely that increased coronary perfusion pressure was responsible for the elevation of diastolic pressure-volume relations in the present study in response to isometric exercise. Likewise, upward displacement of the pressure-volume relation in patients responding to isometric ex-367 VOL 62, No 2, AUGUST 1980 ercise with statistically unchanged (or augmented) systolic left ventricular function, as compared with those exhibiting depressed function, argues against any causal association between altered systolic function and the upward displacement of the diastolic pressure-volume functions.
The influence of changes in right ventricular hemodynamics on the left ventricular diastolic pressure-volume relation is supported by experimental evidence and clinical observation. Directionally concordant changes in left ventricular diastolic pressures have been observed in response to alteration of right ventricular diastolic pressures in isolated canine heart preparations with intact pericardia.57' 58 Similarly, dependence of the left ventricular pressure-volume curve upon right ventricular volume has been demonstrated in excised dog hearts."9 We have previously demonstrated downward displacement of the left ventricular pressure-volume relation in association with reduced right ventricular pressures after nitroglycerin,"5 whereas no such shift occurred when right ventricular pressure was unchanged after amyl nitrite administration. Although in animal models the influence of right ventricular hemodynamics is more pronounced in the presence of an intact pericardium, it is also present with the pericardium open,59 because changes in right ventricular pressure and volume may alter transmural stress across the intraventricular septum,11 60 alter septal geometry in relation to the two chambers,6' or modify the influence upon the left ventricle of circumferential fibers shared by both ventricles. 6 The contribution of the increase in right ventricular pressures to the upward displacement of the left ventricular pressurevolume relation during isometric exercise in the present study is confirmed by the correlation between the changes in right and left ventricular beginning diastolic pressures, and between the changes in right ventricular end-diastolic pressure and the extrapolated pressure intercept of the left ventricular pressurevolume relation. Although the correlation coefficients indicate a significant relationship between these determinations, the correlation is not absolute. Such disproportionate changes are in keeping with the structural and functional interrelationships of the right and left ventricles, by which alterations in right ventricular pressure and volume induce altered transmural stresses across the interventricular septum, resulting in changes in the left ventricular pressure-volume relationship. Because various factors independently influence these septal stresses, including the initial pressures in each ventricle, the pressure gradient across the septum, the relative distensibility of each chamber and its walls (including the septum itself), cardiac output and intrathoracic pressures, these disproportionate changes are not unexpected." A relatively smaller change in right ventricular diastolic pressure under these circumstances has been at-tributed6 to the greater compliance of the right ventricle, whereby small changes in right ventricular filling pressure might accompany a large change in right ventricular volume, the effect of which upon left ventricular pressure-volume relations, as mediated by septal displacement and increased stiffness and stretching of common fibers, may be more pronounced.
These relationships may be further amplified by the intact pericardium, which may restrict expansion of the heart and contribute further to the relatively inordinate changes in left ventricular pressure-volume relations.",' 15, 2 Thus, left ventricular volume distension may be associated with elevation of ventricular pressure in excess of that predicted from the basal pressure-volume relationship due to confinement of expansion of the ventricle by the relatively unyielding pericardium.`3 In intact canine preparations, the pericardium elevates ventricular pressures in the presence of constant or reduced volume over a range of physiologic pressures, appearing to support or gently compress the heart, depending upon the level of left ventricular end-diastolic pressure and systemic venous return. 63 Shirato et al.64 reported that upward displacement of the entire left ventricular pressuredimension relation occurred in response to volume loading in dogs with intact pericardia, whereas with the pericardium open, the ventricle operated on a single pressure-dimension curve. It has been shown experimentally that such pericardial restraint is operative in the presence of an abnormal left ventricular filling pressure alone, and that the degree of restraint is increased by concomitant distension of the other cardiac chambers.6 This observation emphasizes the role of the pericardium in "facilitating direct mechanical coupling between the right and left ventricular pressures."7 Accordingly, the increased cardiac output'9 that may be associated with isometric or other forms of exercise could result in increased venous return and elevated right ventricular filling pressures and volumes, whose effect on the left ventricle results in upward transposition of the entire pressure-volume curve, perhaps mediated in part by the constraining influence of the pericardium in association with the right ventricular distension.
In conclusion, we observed parallel upward displacement of the entire left ventricular pressurevolume curve in response to isometric handgrip exercise in the absence of acute ischemia, in patients both with and without coronary artery disease. This displacement is unrelated to changes in the contractile function of the left ventricle and appears to be independent of changes in early diastolic relaxation, chamber volume distensile properties, intrinsic elastic properties of the myocardium or elevation of coronary perfusion pressure. Hence, by exclusion, it may be inferred that the interactive influence of right ventricular hemodynamics on left ventricular diastolic behavior, presumably mediated in part by the constraining effects of the pericardium, constitutes the primary mechanism for the elevation of the left ventricular pressure-volume relations. This increase in left ventricular pressure at the same volume during handgrip exercise places in doubt the validity of substituting left ventricular end-diastolic pressure for fiber length (or volume) when left ventricular function is analyzed in terms of the classic function curve during isometric exercise.
